
The Effects of fl-Aminopropionitrile on the Growing
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P-Aminopropionitrile (fAPN), 500 ng/g body weight was injected intraperitoneally into
male rats every 2 days between 2 and 28 days after birth. The lungs were examined struc-
turaily and functionally and compared with the lungs of control animals given injections
of saline and 28-day-old normal male rats which were not given injections. Lung volumes,
both distended with air at 30 cm H20 and with formalin at 25 cm H20, were increased in
,8APN-treated animals. The architecture of the lung was altered so that there was a large
increase in the "core," or air intemal to the alveoli of the walls of alveolar ducts and sacs.
Animals given injections of fiAPN had 40-56% fewer alveoli than those given saline injec-
tions and normal animals. Experimental animals had larger alveoli. The lungs of ,8APN-
treated animals were hypercompliant, and their pressure-volume curves were shifted up-
ward and to the left. There were morphologic changes in collagen and elastic tissue,
which were more apparent in the elastic tissue. Since .APN interferes with the synthesis
of elastin and collagen, it appears that alterations in the collagen-elastin network reduces
alveolar multiplication in the postnatal period. Control animals given saline had abnor-
mal lungs when compared with normal animals. Their alveoli were larger, and they had
fewer alveoli per unit volume. Thus the lung may be sensitive to relatively minor insults
in the postnatal period. (Am J Pathol 1980, 101:693-710)

ALVEOLI are absent in rats and mice at birth, and most alveoli
are added after birth in the human.' The process of alveolarization has
been well studied in rats, mice, and rabbits.' In the first two species, the
terminal gas-exchanging structures at birth have no adult counterpart;
and these tubular, relatively smooth-walled, simple structures with a
double capillary wall are called primary saccules. They are then sub-
divided by secondary crests, and the process of subdivision results in for-
mation of alveoli and alveolar ducts and sacs. One hypothesis suggests that
elastic tissue plays a key role in alveolarization,2 since the appearance of
elastic fibers precedes alveolar development and they are constantly
found at the free edge of the secondary crests and at the mouths of al-
veoli.34 This mechanism can be described simplistically. The elastin net-
work has the appearance of a fishnet, and it is as though the lung paren-
chyma is an infinitely compliant balloon that is blown through a rigid
fishnet, forming alveoli by protrusion through the spaces. Collagen is also
involved in this scaffold, since electron-microscopic studies have shown a
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constant association between collagen, elastin, and basal lamina at the
margins of the crests and around the mouths of alveoli.3 Events are less
clear in the human, but elastic tissue is thought to play a similar role in
postnatal alveolar multiplication.2

If the collagen-elastin network plays a key role in controlling alveolari-
zation, experimental disturbance of elastogenesis and collagen formation
should diminish or suppress alveolarization. To test this hypothesis, we
have administered ,8-aminopropionitrile (f8APN) to neonatal rats and stud-
ied lung growth with particular emphasis on alveolar multiplication.
,BAPN interferes with cross-linking of elastin and collagen by specific inhi-
bition of lysyl oxidase.S

Materials and Methods
From pilot experiments, we ascertained a dose of flAPN which, when injected intra-

peritoneally every 2 days during the first 4 weeks of life, appeared to produce morphologic
alterations in the elastic fibers of rat lung, yet did not markedly affect somatic growth or
the nutritional state of the animals. One gram of,-aminopropionitrile fumarate (Sigma
Chemical Co., St. Louis, Mo) was dissolved in 10 ml sterilized physiologic saline, and 5
,ll/g body weight was injected intraperitoneally with a microsyringe.

Sixteen pregnant Sprague-Dawley rats (Canadian Breeding Farm and Lab. Limited,
Quebec) were randomly divided into three groups. In Group A, 7 pregnant rats produced
74 littermates, which were treated with the ,BAPN solution from Day 2 (the day after
birth), and every second day thereafter until they were 4 weeks of age. In Group B (con-
trol), 64 littermates from 5 pregnant rats were given injections of sterilized physiologic sa-
line (5 ,il/g body weight) intraperitoneally. Twenty-seven littermates from 4 pregnant rats
were used to study normal somatic and lung growth, and Group C consisted of 4-week-old
rats. The animals were kept in a room with controlled temperature and supplied with
standard rat chow and water ad libitum. Eight male rats were selected from Group A, 7
male rats from Group B, and 6 male rats from Group C for morphometric studies and pul-
monary pressure-volume studies. These were from different litters in each group and rep-
resented the first animals in which successful, leak-free pressure-volume curves were ob-
tained. Saline pressure-volume curves were attempted on other animals but were
unsuccessful because of leaks in the ,8APN-treated animals. The animals were sacrificed by
exsanguination via the abdominal aorta under pentobarbital anesthesia. Five ,BAPN-
treated and five saline-injected animals were used for electron-microscopic studies and
were similarly sacrificed. The body weights were measured before the animals were killed.
The right femur was removed, and the length from the top of the medial condyle was mea-
sured.

Pressure-Volume Measurements
Following anesthesia and exsanguination of the animals, a midstemotomy incision was

made. An endotracheal tube (22 G of Medicut Cannula, Sherwood Medical Industries, St.
Louis, Mo) was inserted, and the heart and lungs were removed en bloc. After a brief rinse
in physiologic saline, the lungs were placed in a vacuum jar and degassed to a pressure of
200 mm Hg. The endotracheal tube was connected by a Y-connector to a syringe that was
attached to one limb and a Statham p-23BB pressure transducer (Statham Instruments,
Inc., Hato Ray, Puerto Rico) connected to the other limb. Pressures were read from a gal-
vanometer (Model 310, Triplett Co.), calibrated by a water manometer. Lungs were in-
flated with air to a transpulmonary pressure of 30 cm H2O. The air volume at this point
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was designated as V30. The lungs appeared completely inflated at this point. Portions of
air, 0.1 ml, were then withdrawn from the lung, and the pressures at each point were mea-
sured. Pressures were recorded after the needle of the galvanometer had been stabilized
for at least 15 seconds at each pressure point. The second deflation limb was recorded for
pressure-volume studies. If the pressure did not remain constant, this was regarded as evi-
dence of an air leak and the lungs were discarded. Correction was made for the Boyle's
law effect. All the measurements were performed within 30 minutes after death. The data
were analyzed by fitting an exponential to the pressure-volume curve with the use of a
digital computer according to the methods of Colebatch and associates 6 and differed in
that all the data points greater than or equal to 40% of V30 were included in the data cal-
culations. An iterative least mean squares technique was used to solve the equation V =
Vm,- BeKP where V is the volume at pressure P, Vma, the theoretical volume at infinite
pressure, and B is the difference between Vm., and the intercept of the fitted exponential
on the volume axis. The continuous change in the slope of the PV curve is quantitated by
K in units cm H2O-'. B/Vmax ratio quantitates the position of the curve. Static compliance,
expressed as air volume (ml) per cm H2O and as a percentage of maximum lung volume as
determined from the exponential fit per cm H2O was obtained from a slope of the regres-
sion line whose data points were between 40% and 70% of maximum lung volume.

After completion of the pressure-volume measurements, the lungs were separated from
the heart and the thymus, weighed, and then inflated at a constant pressure of 25 cm of
formalin for at least 72 hours. Fixed lung volume (VL) was measured by water dis-
placement at the end of the period of fixation. A block of tissue was obtained from the left
lung by sectioning longitudinally along the bronchus. Paraffin-embedded tissue blocks
were cut into 5-,u thicknesses, and the first section beyond the bronchus was used for
morphometry with modifications 7 of standard morphometric techniques. Shrinkage dur-
ing tissue processing was measured. In addition, sections were stained with Humberston's
elastic fiber stain. The following measurements and calculations were made on hematoxy-
lin-and-eosin-stained section: Mean interalveolar wall distance (Lm; ,u), alveolar surface
area (sq m), number of alveoli per unit area (sq cm) and volume (ml), total number of al-
veoli per lung, average alveolar volume (cu ,u), surface-to-volume ratio of alveoli (cm-'),
and the volume proportions of alveolar air, alveolar duct air, bronchial and bronchiolar air
(conducting airway air), alveolar wall tissue, blood vessels and lymphatics, bronchial and
bronchiolar wall tissue (conducting airway wall), and connective tissue. Alveolar duct air
was defined as a "core" of air lying internal to the mouths of alveoli in alveolar sacs and
ducts. Absolute measurements were corrected for tissue shrinkage during processing and
refer to V.,. It was assumed that dimensions of structures and volume proportions were
the same in the right (unmeasured) lung as in the left (measured) lung.

For transmission electron microscopy, the lungs were fixed with a solution of 2.5%
glutaraldehyde in 0.05 M cacodylate buffer (pH 7.4) for 1 hour at 4 C. After a brief wash-
ing in 0.05 M cacodylate buffer, the tissue was postfixed in 1% osmium tetroxide and 0.05
M cacodylate buffer, en bloc stained with an 0.2% uranyl acetate solution for 30 minutes,
and embedded in Epon 812. Standard procedures were followed. Semithin (1-,i) sections
were stained with Richardson's stain for light-microscopic examination. Ultrathin sections
were stained in uranyl acetate and lead citrate and observed with a Philips EM300 elec-
tron microscope (60kV). Ruthenium red staining was applied to some of the blocks accord-
ing to the method of Luft. 8 For scanning electron microscopy, the opposite lungs were
fixed with the use of an intratracheal glutaraldehyde solution at a constant pressure of 25
cm H2O for 1 hour and postfixed in buffered osmium tetroxide. The dehydrated tissue
blocks were put into a freeze dryer (Unitrap II, Vertis Co., Gardiner, New York) overnight
and coated with gold. Observations were made with the use of a Super-SEM ISI (25 kV)
(International Scientific Instruments, Palo Alto, Calif).

Statistical evaluation of the data was performed with the use of the Student t test for
grouped data. Probabilities of less than 0.05 were considered significant.
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Results

Table 1 shows that no significant differences in body size and lung
weight were apparent between the control animals given saline injections
(Group B) and the normal animals (Group C). Lung volumes were greater
in the ,8APN-treated animals.
The gross appearance of the lungs was similar in all the animals, and

the pleural surfaces appeared smooth in all. Often there were obvious mi-
croscopic abnormalities on subjective assessment of the sections of the
,BAPN-treated animals, which showed a striking enlargement of both the
alveoli and alveolar ducts, without alveolar wall rupture (Figure 1). The
changes in architecture were distributed throughout the entire lung, and
no obvious differences were observed in air space size between the surface
(close to the pleura) and the deeper areas. Stains for elastic tissue showed
that the elastic fibers appeared equally reduced throughout the alveolar
wall, including the mouths of the alveoli, the airways, the blood vessels,
and the pleura.

Scanning Electron Microscopy

Photomicrographs (Figure 2) from both the ,8APN-treated lung and the
control lung emphasized the changes seen by light microscopy. Alveoli
were larger, and alveolar duct air was increased. No increase in pores of
Kohn or fenestrae of alveolar walls was observed.

Transmission Electron Microscopy

Special attention was given to the study of ultrastructural changes in
extracellular components. The ultrastructure of the subpleural region was
studied for two reasons. First, it is an easily identified region of the lung,
and it therefore easy for one to compare similar areas of different animals.
Second, the distribution and structure of elastic fibers were similar to
other regions of the lung that are less clearly identified.

In the control lungs, the elastic lamina of the pleura appeared as con-
tinuous thick bands (Figure 3A), whereas that in the ,BAPN-treated lung
was thinner, more irregular, and apparently focally fragmented (Figure
3B). Elastic fibers were formed from amorphous material (elastin) and a
numnber of microfibrils, which surrounded the elastin as seen in normal
elastic fibers. Tannic acid staining, which stains elastin, showed that, al-
though the ultrastructure of the elastic fibers of /3APN-treated animals
was different from that of the normal lungs in terms of size, the central
amorphous material stained the same in both groups. In places, the alveo-
lar epithelial basal lamina appeared thicker than normal, but these
changes were focal and i'nconstant. The acid mucopolysaccharides in the
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extracellular matrix, which are identified by en bloc ruthenium red stain-
ing, showed no remarkable changes. The collagen fibers in the flAPN-
treated lung were loosely arranged, and their diameters in cross-section
varied widely (Figure 4A), as compared with the control lungs (Figure
4B). However, the characteristic periodicity of the collagen fibers in both
B8APN-treated and control lungs did not show any detectable difference.

Morphometry

The morphometric results are shown in Table 2. The interalveo-
lar wall distance of the ,BAPN-treated animals was about 25% larger
(140.73 it) than those of Groups B and C, with 112.66 u and 105.44 ,, re-
spectively. The internal geometry of the lung was significantly altered,
with a marked increase in alveolar duct air proportion in the f8APN-
treated animals (0.389), compared with the saline-treated control animals
(0.233) or the normal animals (0.222). Since the lung volumes were greater
in the /BAPN-treated animals, this represented a considerable increase in
the volume of air in their alveolar ducts. In contrast, alveolar proportion
was reduced in the ,BAPN-treated animals (0.405), compared with the sa-
line-treated (0.566) or normal animals (0.580). The increase in lung vol-
ume in the ,8APN-treated animals was not sufficiently great to compensate
for the decrease in alveolar air proportion in the ,BAPN-treated animals,
so that the volume of air in the alveoli was decreased (2.494 ml), com-
pared with the saline-heated (3.280 ml) or normal animals (3.241 ml).
Since there were substantially fewer alveoli in the ,BAPN-treated animals,
average alveolar volume was increased in the ,BAPN-treated animals
(27.116 x 104 cu i) compared to the saline-injected (22.39 x 104 cu ,L) or
normal animals (17.438 X 104 cu IL). Thus the morphometric results con-
firmed the subjective assessment of the changes, with a great increase in
the core of air internal to alveoli in alveolar ducts and sacs and a modest
increase in size of alveoli. 8BAPN-treated animals had about half the num-
ber of alveoli per unit volume of lung, and the total number of alveoli was
markedly reduced, compared with saline-treated and normal rats, the
,fAPN-treated animals having 10 million alveoli in their lungs, compared
with 20 million in the control animals and 25 million in the normal ani-
mals. Alveolar surface area was significantly diminished in the flAPN-
treated animals, compared with the normal animals, despite an increase in
lung volume reflecting a simplification of the gas-exchanging area in the
,BAPN-treated animals. Further confirmation of this is given by the sur-
face-to-volume ratio, which is decreased in the ,BAPN-treated animals.
No significant alterations were found in the volume proportions or abso-
lute volumes of alveolar wall, conducting air, blood vessel, conducting air-
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way wall, or connective tissue. Saline-treated animals generally had val-
ues between the fiAPN-treated animals and the normal animals, but the
differences between normal and saline-treated animals was only statisti-
cally significant for number of alveoli per unit area and volume and for
average alveolar volume.

Pressure-Volume Curves

The pressure-volume curves showed abnormalities in the f?APN-treated
animals, and the pressure-volume curves of the saline-treated animals and
the normal animals were indistinguishable from each other. This is true
whether the pressure-volume curves are expressed as absolute lung vol-
umes (Text-figure 1) or as a percentage of maximum lung volume (Vm.)
predicted from an exponential fit (Text-figure 2). These changes are
greater when expressed as absolute lung volumes, and the differences are
significant in the ,BAPN-treated animals at all transpulmonary pressure
equal to or greater than 5 cm H20. When expressed as a percentage of
Vm., the differences are significant at all transpulmonary pressures of 10
cm H20 or greater. Expression of the pressure-volume curves shows that

E
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* 0.02< p < 0.05

TRANSPULMONARY PRESSURE (cmH20)
TExT FIGURE 1-Air-filled pressure-volume curves mean ±SE). Actual lung volume (ml) against
transpulmonary pressure (cm H20). -- 0 - --, ,BAPN-treated group; - - -O - - -, non-treated
group; - - - , saline-treated group.
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* p<0.001
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TRANSPULMONARY PRESSURE (cmH20)
TEXT-FIGURE 2-Air-filled pressure-volume curves (mean ± SE). Percent of maximum lung volume at
infinite pressure against transpulmonary pressure. -- 0 , ,APN-treated group; - -----,
non-treated group, - -, saline-treated group.

(Table 3) the shape constant (K) is significantly increased, V.., is signifi-
cantly increased, and compliance is also significantly greater in f?APN-
treated animals, compared with saline-treated and normal animals,
whether expressed in absolute lung volumes or as a percentage of Vma..

Discussion
The objective of the present study was to evaluate the role that elastic

fibers and/or collagen fibers play in the growing lung. The data show that
,8APN interferes with normal connective tissue formation as assessed sub-
jectively by light- and electron-microscopic examination, resulting in en-
larged alveolar ducts and modestly enlarged alveoli that are diminished in
number as compared with control and normal animals. In addition, there
are associated abnormalities of the pressure-volume curve, with large
lung volumes in the ,BAPN-treated animals, together with increased com-
pliance and a shift of the pressure-volume curve upward and to the left.
We do not have biochemical proof of alterations in elastin and/or colla-

gen in our animals, nor can we ascribe with certainty the changes in the
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pressure-volume curves to alteration in tissue forces, since we were un-
able to perform satisfactory saline-filled pressure-volume curves in the
,BAPN animals because of leaks into the interstitium. There is, however,
good evidence that ,8APN alters collagen and elastin by preventing cross-
linking in these tissues in several organs,9 but the effect on the lungs is less
well documented. Incomplete cross-linking, as assessed by aldehyde con-
tent, have been described in rats following ,BAPN administration and was
accompanied by marked changes in lung compliance in young rats and
small changes in older rats.'0 Minimal changes are to be anticipated, since
most connective tissue is laid down early in postnatal life '" and the turn-
over of collagen and elastin in the lung is slow.'2 Under these circum-
stances ,BAPN does not affect preformed collagen and elastic tissue, and
one would anticipate minimal biochemical, physiologic, and anatomic ef-
fects in older animals. Indeed, no anatomic changes were found when
,/APN was administered to mature hamsters.'3 Several authors 's17 have
successfully performed both saline- and air-filled pressure-volume curves
in animals whose connective tissue was affected by elastase or collagenase
and in blotchy mice. These authors found that the changes were due to al-
terations in tissue, rather than surface, forces. Another lathyrogen, semi-
carbazide, has been show to alter saline pressure-volume curves.'8 Altera-
tions in air-filled pressure-volume curves have been noted in elastase-
treated lungs 16 and in animals given D-penicillamine,'9 another lathyro-
gen, and were considered to be due to changes in tissue forces. We thus
feel that it is likely that the alterations in the pressure-volume curve in
our animals are due to changes in tissue forces, because of the visually oh.
served alterations in elastin and collagen, the evident fragility of the
lungs, and the published work of others.
Most other experiments designed to affect the connective tissue frame-

work of the lung differ in that weanling or older animals have been used.
By this time most of the connective tissue of the lung has been laid down
and alveolar formation is far advanced. Two experiments are of direct
relevance. Fisk and Kuhn '7 studied the lungs of blotchy mice that have, a
congenitally acquired defect so that the lysine-derived aldehydes neces-
sary for cross-linking of elastin and collagen cannot be generated. O'Dell
et al 20 produced copper deficiency in suckling rats. Copper deficiency re-
duces lysyl oxidase activity and hence diminished cross-linking of collagen
and elastin. In both experiments, the animals had lungs that were dispro-
portionately large and morphologically abnormal. Although the morpho-
metric data are not complete in either study, evidence is presented in
both that the lungs have lower surface-to-volume ratios, suggesting sim-
plification of lung structure with too few or too large alveoli. Fisk and
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Kuhn 1 and O'Dell et al 2 concluded that they had produced emphysema,
whereas we have concluded that alveolar multiplication has been hind-
ered. The issue may not be important. Elsewhere, one of us 2 has pointed
out the resemblance between the neonatal lung and advanced elastase-in-
duced emphysema as well as the reciprocal morphologic appearance of
advancing alveolarization in the developing lung and the progressive loss
of alveoli in elastase-induced emphysema. This was used as an argument
for the importance of elastic tissue in formation of alveoli in the neonatal
period and for the significance of destruction of elastic tissue in the patho-
genesis of emphysema.

Although lathyrogens affect both collagen and elastin cross-linking, it
appears that some may affect one protein more than another. Semi-
carbazide appeared to affect collagen more than elastin in rat lung,'8 and
D-penicillamine affected elastin more than collagen in hamster lung.'9
Striking changes were seen electron-microscopically in elastin in copper-
deficient rats, whereas changes in collagen were not apparent.' In our ex-
periments, both collagen and elastin appeared to be affected ultrastruc-
turally, but perhaps elastin was affected more. The pressure-volume data,
with alteration of compliance in the mid-lung volume range, suggests that
the elastic tissue was affected. At first sight, the large increase in V., might
suggest that collagen was affected, since the Setnikar-Mead model ' of
lung distensibility predicts that at high lung volume the stretched colla-
gen provides the recoil force and limits lung distensibility. However, it is
well-recognized that increased lung volumes are characteristic of elastase-
induced emphysema.'5 Karlinsky and his colleagues '5 have studied this
apparent anomaly and have shown that while in vivo administration of
elastase produced increased lung volumes, in vitro incubation of lung with
elastase did not have this result. They have suggested a number of possi-
bilities for this difference, such as elaboration of collagenase by the in-
flammatory exudate resulting from administration of elastase, unhooking
of elastic tissue-collagen attachments that might only occur in the in vivo
model, or a possible glue-like function of proteoglycans producing a func-
tional association of collagen and elastin that only disturbed in the in vivo
model. Biochemical studies of our experimental protocol might provide
useful information about this interesting problem, and we hope that other
investigators will address themselves to it.

It should be noted that saline injection alone generally altered the
morphometric variables toward those of the ,BAPN-treated animals. As
pointed out, only the number of alveoli per unit volume and area and av-
erage alveolar volume were significantly altered, but it appears that saline
injection alone per se may alter lung growth. This suggests that minimal
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insults in early life may affect lung growth. If this is the case, then there
may be important implications. Older patients with chronic air flow limi-
tation have a history of more frequent respiratory illnesses in childhood.'
Perhaps these insults interfered with lung growth and predisposed the
lung to injury by cigarette smoke in adult life. This is one possible ex-
planation for the widely differing response of the lung to injury.
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[Illustrations follow]
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Figure 1 A-Lung from saline-treated (control) rat. 13-APN-treated lung. Air spaces which in-
clude alveoli and alveolar ducts are markedly enlarged, but no rupture of the walls can be seen.
(H&E, x 100) Figure 2-Scanning electron micrographs of a lung from a saline injected animal
(A) contrasts with a ,BAPN-treated rat (B). The air spaces are enlarged and the alveoli flattened in the
fiAPN-treated lung. (x200)
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rIgure j A- i-'eura ana subpleural region of control rat lung. Thick elastic lamina (El) is laid down be-
neath mesothelial cells (Me). A small capillary(ca)and a mesenchymal cell (Mc) with lipid granules are
seen. B-Pleura and subpleural region of f?APN-treated rat lung. The elastic lamina is frag-
mented and thin compared to the control lung. (Lead citrate and uranyl acetate, x6000) Figur 4
A-Saline-treated rat lung. The collagen fibers have a uniform diameter, compared with those of
16APN-treated lung. (Ruthenium red and lead citrate, x30,000) B-/iAPN-treated rat lung. The
collagen fibers are loosely arranged with a wide range of diameters. Individual fibers are covered by
ruthenium-red-positive materials.
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